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EXECUTIVE SUMMARY

The following report describes the development of a tri-generation system, which produces electricity, refrigeration, and heated water by recovering wasted energy from an internal combustion engine. This system will specifically be used as a test bed to investigate the potential for energy conservation to increase the efficiency of thermal machines. Collaboration with a separate team at Universidade Federale do Parana (UFPR) in Brazil aided in the design process. A tri-generation system was previously designed and built at UFPR and is currently being tested. A basic description of the design was presented by the Brazilian team coordinator and can be seen in Appendix K. The basic concepts of this design were taken, i.e. internal combustion engine, absorption refrigeration, etc., and a scaled down model was used as the basis of the following system described in this report. It was necessary to scale the model due to the budget constraints. A budget of $3500 allotted for this project is very modest in comparison to the $23000 spent on the Brazilian team’s design. 

Since the system is very complex and consists of many different components the entire system was broken into four different subsystems:
· Engine

· Generator

· Refrigeration

· Water Heater
Each subsystem was designed using a network approach. The foundation of the design was based upon two components, the table and the engine. The three main subsystem designs were fabricated from the engine specifications and the size of these components as well as the layout depended upon the table dimensions. A 16HP liquid cooled internal combustion engine is the heart of the system. To produce electrical power a 6kW single phase AC generator was coupled to the engine. A conduction circuit was designed to recover heat from the exhaust to power an absorption refrigerator requiring 115W of input energy. Finally, a spiral plate counter flow exhaust gas heat exchanger transferred heat from the exhaust gas to the water contained in the 20 gallon reservoir. A pump was needed to circulate the water through this heat exchanger in order to achieve desired temperatures. The system was designed to achieve certain goals, which are to produce electricity, boiling water (100°C), and standard refrigeration temperature (<4°C). The system was tested to verify the integrity of the design. 

LabVIEW data acquisition was used to collect data in order to characterize the system. From this information the amount of heat recovered from the engine exhaust by the system was calculated. During testing the system recovered 3.16kW of heat from the exhaust gas. It also produced 425W of electrical power, which is only 5% of the maximum possible load rated for the generator. This correlated to an engine efficiency of 42.1%. This is an impressive increase of 17% over a conventional internal combustion engine. 
INTRODUCTION

Objective

The objective is to develop a tri-generation system for simultaneous production of heat, electricity, and refrigeration through research, experimentation, and correspondence with foreign associates. (USA/Brazil)

 

Problem Definition

The aim of this project is to design and build a prototype of a tri-generation system that will serve as an experimental unit to investigate the potential for energy conservation from thermal machines. Thermal machines generally do not utilize all of the supplied energy in the form of work, meaning that the majority of wasted energy is in the form of heat. The tri-generation system will use this waste heat to produce hot water and a cold space. Electricity will be produced utilizing mechanical energy from the thermal machine. While this system will serve as an experimental unit it has the potential for use in other applications, such as in emergency situations. For example, this system could aid in disaster relief areas by providing electricity, hot water, and refrigeration to homes without power through one cost-effective, convenient system. It could also be used in recreational vehicles to decrease dependency on external power sources and increase the efficiency of the vehicle.

 

Statement of Need

In order to develop a tri-generation system, a thermal machine is first needed that will produce all the energy needed to power the system.  The thermal machine that will be used is an internal combustion engine. The waste heat produced by the engine will be transferred by use of heat exchangers to produce hot water and the cold space. To create the cold space a refrigeration cycle will be used. An absorption refrigeration system can be powered just by a heat source; therefore this is the most viable refrigeration cycle to consider. A generator coupled to the crankshaft of the engine will produce electricity. All sub-systems must be modular, allowing for easy disconnection, replacement, and removal from the system. The entire system must be built on a portable platform allowing for easy transport. The system must be built to allow for uncomplicated instrumentation so that experimental measurements and analysis of the system may be performed without difficulty.

Further budget and design requirements create additional constraints on the subsystems. The engine throttle must be controlled because the speed (revolutions-per-minute) of the engine determines how the rest of the system will perform. The voltage and current produced from the generator must be monitored to ensure that there are no high voltage surges within the generator.  The heat exchanger involved with the absorption refrigerator must transfer a minimum of 115 Watts needed to power the refrigerator. Any excess energy should be vented to the ambient air in an open environment. The prototype tri-generation system must be designed, built and tested within the given budget of $3000 ± $500. A complete set of project specifications can be seen in Appendix A.
SYSTEM CONCEPT
Background research, which can be seen in Appendix B, was performed on each aspect of the system and with this knowledge many concepts were generated and explored. This concept generation can be seen in Appendix C. A final concept selection for each subsystem was made as well as the final system concept. The total system and subsystem selections are described below.

System

The optimal configuration was determined to be the exhaust powered system in which the only working fluid is the exhaust gas. It was decided that altering the original configuration of the cooling system would require a great deal of time and effort to ensure that the engine would not be damaged. The design of the rest of the system would suffer due to the extreme amount of detail that would be needed to accomplish this task. However, it is recommended for future improvements.
Engine

When compared with various types of engines a gasoline powered liquid cooled engine was determined to be optimal. 
Generator

An AC generator head was chosen over a DC alternator because it produces more power. Alternating current is also more widely used. 

Engine/Generator Coupling

After comparison of both concepts it was determined that the direct couple option would be optimal for this design. The main reason is because there would be a greater loss of mechanical energy in the belt driven design when compared to the direct couple concept due to slippage of the belt around each pulley.
Heat Exchangers

A cross flow spiral plate heat exchanger was determined to be the optimal choice due to its ability to efficiently transfer heat between a gas and a liquid. It was also the most readily available heat exchanger on the market for this application.


A conduction circuit was chosen as the best suitable way of powering the refrigerator. It is the most affordable and easily manufactured option.   
Water Heater


The one reservoir, pump fed externally heated water heater concept was chosen because it allowed variable water temperature output which worked well with heat exchanger selection. 
From these selections a system design was finalized that satisfied all project specifications. A flow/block diagram of the final system may be seen below.

Thermodynamic Flow Chart of Final System Configuration

[image: image5]
SYSTEM SPECIFICATIONS
By combining the knowledge gained from the background research, the concept selection and the block diagram the system components were acquired. A network approach was used for the design of the system. This means that the progression started by receiving a single component, the table, and the design of each subsequent subsystem branched from the specifications of this base component. A tree diagram of this approach can be seen in Appendix D. Descriptions of each subsystem and reasons for choosing the particular design are listed below.
Table:


The table consists of a stainless steel two tier frame. Adjustable locking wheels are attached to each corner post. A 3/4” thick sheet of plywood was secured to each tier of the frame which supplied an approximate 38.3”w x 55.5”l, usable surface area on each level with 31.5” of clearance on the bottom tier. These dimensions restricted the size of each subsystem. A picture can be seen below in figure 1. 
[image: image6.jpg]



Figure 1. Table
Engine: 

According to the project specifications the engine was required to be liquid cooled. Given the budget and overall workspace the Kawasaki FD501D 16 HP liquid-cooled twin cylinder gasoline powered engine was chosen. A picture can be seen below in figure 2. This model engine provides electronic ignition which allows for convenient and effortless start and stop of the engine.  After theoretical calculations it was determined that the exhaust gas contained 12.59kW of heat at temperature range of 425˚C -540˚C. Complete theoretical calculations can be seen in Appendix E.
[image: image7.jpg]



Figure 2. Engine
Generator:


A generator proportional to the power rating of the engine was chosen. A VOLTmaster, AB60 AC generator was purchased providing 5000 Watts (41.7 Amps) of continuous electrical power. It requires a minimum of 11HP input power. This is a single phase two bearing generator which requires that the shaft be run at 3600 rpm in order to provide constant voltage at 120/240 Volts. A picture can be seen below in figure 3.
[image: image8.jpg]



Figure 3. Generator
Coupler: 

A Lovejoy jaw type coupler was chosen because it allows for slight misalignment while still being inexpensive. This type of coupler easily attaches to the engine shaft by use of a set screw. Since the shaft of the engine is tapered the coupler had to have matching tapered bore machined into it as well. A picture can be seen below in figure 4.
[image: image9.jpg]



Figure 4. Coupler
Water Heating Unit:


The two main concerns while choosing a heat exchanger was the exhaust gas pressure drop and the allowable temperature difference between the two working fluids within the heat exchanger. A spiral plate counter-flow multi-pass heat exchanger from Polar Power Inc. (model 30 exhaust heat exchanger) was selected due to its benefits when applied to the system. The model 30 is ideal for 10 to 30 HP engines, and the typical exhaust pressure drop is under 0.75 psi. The water outlet temperature should reach between 50˚C -100˚C depending on the number of passes through the heat exchanger. The exhaust gas exit temperature will be approximately within 50˚C of the water exit temperature. A picture can be seen below in figure 5.
[image: image10.jpg]



Figure 5. Water Heat Exchanger
As a result of the heat exchanger being multi-pass a pump was required to circulate the water. A hot water re-circulating pump that delivers 10 GPM at 2 ft. of head was selected. It can withstand temperatures up to 100˚C. This pump needs to be electrically powered and will be powered by the generator. It only draws 0.52 Amps (62.4 W) and therefore the power withdrawn from the system is negligible. A picture can be seen below in figure 6. 
[image: image11.jpg]



Figure 6. Pump
The water reservoir is 20 gallons and is sized to fit the available space on the table. The tank is made of reinforced fiberglass which is useful because it is light, which is good for portability, and possesses insulating qualities. It is also equipped with drainage valve to allow for easy removal or access to the heated water. A picture can be seen below in figure 7.
[image: image12.jpg]



Figure 7. Water Reservoir

Refrigerator:

In order to choose what refrigerator was appropriate the remaining budget, input power and size was considered. A Dometic RM2193 absorption refrigerator was the most suitable for the system. Its compact size allows for 1.9 cu. ft. capacity and the price was within the remaining budget. It only requires 115 W of power therefore it is compatible with the amount of heat available from the engine exhaust gas. A picture can be seen below in figure 8.
[image: image13.jpg]



Figure 8. Absorption Refrigerator
Conduction Circuit:

To provide the necessary energy to power the refrigerator a copper rod will be used to conduct heat from the hot exhaust gas to the boiler of the refrigerator. The design mimics the existing electrical heating elements which can be seen in figure 9 below.
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Figure 9. Rear view of Refrigerator

The sleeves holding the electrical elements were too small in diameter to provide a practical length for the conduction rod. Therefore the gas flue had to be utilized. A picture of this can be seen in figure 10 below. 
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Figure 10. Close up view of boiler region
The rod consists of two different cross-sectional areas which can be seen below. 
[image: image16.jpg]



Figure 11. Conduction Rod

The smaller diameter section was approximately 4 in. to match the size constraint of the boiler. The length of the larger section was determined by conduction calculations. It was designed to provide the 115W of input energy required by the refrigerator. This length was evaluated as a function of exhaust gas temperature. The graph in figure 12 below illustrates this.
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Figure 12. Graph of Length vs. Temperature

As a result of these calculations being theoretical a median value was taken for the length of the larger diameter section and was found to be 4 in. Complete design calculations can be found in Appendix F. 
Piping:

When deciding what material the piping system should consist of budget was the main concern. Stainless steel piping would have been ideal but the total cost was unsuitable to the budget therefore copper tubing was determined to be the best option. It is very affordable and easily machined. The entire system was made of 1” nominal type L copper tubing and standard fittings. The exhaust header is 1” in diameter therefore using this size piping was the most convenient.
Insulation:    

Insulation was a major concern considering the project is based upon heat recovery. Different types of insulation were chosen for different subsystems based on operating temperature. For the piping carrying the exhaust gas, mineral wool insulation was used because it can withstand temperatures up to 650˚C, and has a low thermal conductivity of 0.04 W/m*K. Flexible sheets, pre-molded pipe and pre-molded fittings were used for various components handling the exhaust gas. The rate of heat loss per unit length was graphed as a function of thickness to determine optimal thickness of insulation to be used. From the graph in figure 13 below it can be seen that any thickness over 1” did not yield significant decrease in the rate of heat loss.
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Figure 13. Graph of Heat loss vs. Insulation Thickness

One inch thick insulation was also congruent with clearance constraints on the exhaust header. Casting tape will be used to enclose the mineral wool insulation to provide extra stability and protection against the elements. 

To insulate the pipes handling the water, pre-molded Elastomer foam pipe and fitting insulation was used. It was inexpensive and can handle temperatures up to 100˚C while providing excellent insulating qualities. The thermal conductivity is approximately 0.035 W/m*K. The rate of heat loss per unit length was graphed as a function of thickness to determine optimal thickness of insulation to be used. From the graph in figure 14 below it can be seen that any thickness over 1” did not yield a significant decrease in the rate of heat loss in the water piping either.
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Figure 14. Graph of heat loss vs. Insulation thickness

Polyurethane flexible sheets were used to insulate the water reservoir. Both types of insulation are closed cell foams which provide excellent water resistance. Figure 15 shows the various types of insulation. Complete calculations can be seen in Appendix G.
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Figure 15.  Types of Insulation
Instrumentation:

Flow meters, thermocouples and pressure transducers would be the ideal devices to characterize the overall system performance. Due to budget constraints the only parameters of the system that could be measured were temperatures and the fuel consumption rate. K-type thermocouples were placed at various points within the system to measure the temperatures critical to calculating the system efficiency as well as the amount of heat recovered. K-type thermocouples were chosen because of their broad temperature range of -200˚C -1250˚C. A diagram of the thermocouple placement can be seen below. 


LabVIEW was used to acquire the temperature outputs and monitor the system during testing. Digital thermometers are in place to monitor the temperatures of the water reservoir as well as the refrigerator temperature when testing is not being performed and as a backup method. This is important because it is damaging to the heat exchanger if the temperature of the water exceeds 100˚C. The fuel consumption rate will be measured with a combination of a digital scale and timer. The scale is accurate to within 0.01kg. The LabVIEW station and the scale can be seen in figure 16.
[image: image21.jpg]
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Figure 16. LabVIEW station and scale
SYSTEM LAYOUT
After acquiring all component dimensions, the best system layout for the limited table space had to be determined. To ensure high system efficiency and user safety, certain specifications were developed for the component layout, which are listed below:
· Electricity, hot water, refrigeration, and control panel had to be easily accessible.

· The refrigerator could not be directly adjacent to any heated components to avoid reducing refrigeration cycle efficiency.

· The exhaust piping length was minimized to maximize heat exchange temperature and reduce backpressure. 
· The weight had to be distributed as evenly as possible to ease mobility and prevent tipping.

· The conduction circuit had to be connected before the exhaust entered the heat exchanger.
· No support beams could be compromised when mounting the components.

To meet the above specifications the system was configured in the following manner: All outlets (water, refrigeration, electricity) were mounted along the edge of the table to ease accessibility. The back of the absorption refrigerator was placed adjacent to the generator head. This aligned the exhaust header outlet above the absorption boiler, minimizing the distance between them and ensuring the maximum amount of heat was available for the conduction circuit. This also kept enough distance between the engine and absorption cycle heat sink that the refrigeration efficiency was not significantly affected. The heaviest components, the water reservoir, heat exchanger, and engine/generator combination were separated to increase weight distribution, with the water reservoir and heat exchanger mounted on the bottom tier to lower the system’s center of gravity. Pro/ENGINEER was used to design the optimal layout to meet all requirements. A system drawing from Pro-ENGINEER as well as a parts list can be seen below. For more drawings refer to Appendix H.
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	1) Table frame

2) Table top

3) Table bottom

4) Internal combustion engine

5) Generator head

6) Direct drive coupler

7) Absorption refrigerator

8) Conduction circuit rod

9) Spiral plate heat exchanger
	10) Re-circulating water pump

11) Water Reservoir

12) Fuel tank

13) Muffler

14) Battery

15) Scale

16) Scale stand

      17) Control panel




Actual system pictures can be seen below in figures 17 and 18. 
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Figure 17. Isometric view from front
[image: image25.jpg]



Figure 18. Isometric view from back

ASSEMBLY
After the all components were selected and the system layout was configured assembly began. At this stage the subsystems were built independent from each other. Once assembly began each subsystem was mounted/connected individually in a specific order. This order is as follows: table, engine, electrical generator, refrigerator, water heater, piping, instrumentation and insulation. The reason for this specific order is it allows for modifications to each subsystem as needed without damage to other components. Additionally, individual testing will be performed on each subsystem as it is assembled to ensure proper operational conditions. 

Table:

Assembly of the table started with a stainless steel frame. In order to sustain the weight of the system 2”x 4” wood supports were installed lengthwise flush to the top tier. Sanded plywood was cut to size and fitted to the top and bottom tier of the frame which provided platform for which the system must be built.
Engine:

The first component that was mounted to the table top was the engine. It was assembled to the table top with iso-mounts and large diameter washers. The iso-mounts were placed between the table and the engine mounts to dampen vibration effects on the table from the engine. The washers were used on both sides of the table to distribute the compression load of the engine mounting screws on the table top. Before the engine was ready for operation it had to be prepped. The engine was supplied with all necessary fluids such as oil, coolant and gasoline. A fuel pump was installed to deliver the fuel to the engine from the fuel tank. In order to provide power to the starter solenoid a battery was connected. A tachometer was also attached to monitor the rpm of the engine. A universal choke lever was needed to manually adjust the choke on the engine. Finally, an ignition switch was wired to provide a means of starting and stopping the engine. 
Electrical Generator:

 Each coupler end was attached to the engine and generator shafts by tightening the set screws on each shaft key. The generator was placed on top of a 2”x 4” and an aluminum block to roughly align the two shafts. Then the shafts were precisely aligned through use of a caliper and metal shims to adjust the height and the tilt of the generator shaft. The height of the engine coupler end was matched to the height of the generator coupler end to within 0.005”. The distance was measured between the face of the engine and the face of the generator on either side of the coupler. The tilt of the generator was adjusted to ensure these distances were equal. When alignment was finished the generator was tightened down. 
Refrigerator:


The refrigerator was originally designed to be powered by AC, DC or propane gas. In order to adapt it to the system the electrical heating elements were removed as well as the propane burner. Additionally, the gas flue adjacent to the boiler needed to be cut to size to accommodate the design of the conduction circuit. As stated previously the conduction circuit consists of a 0.75” diameter copper rod that required a four inch section to be turned down to 0.65” diameter by use of a lathe. The rod also had to be bent at a 90° angle in order to connect the rod to the tee fitting because the gas flue and the exhaust piping are parallel to each other. The 0.65” end of the conduction rod was inserted into the gas flue then the other end was inserted into the tee. Once the rod was soldered to the tee the refrigerator was mounted to the table top. Iso-mounts were also used under the feet of the refrigerator to reduce stress on the conduction circuit due to vibration effects. A picture of the final assembly of the circuit can be seen in figure 19 below.
[image: image26.jpg]



Figure 19. Assembled conduction circuit
Water Heating Unit:  

This subsystem consists of the water reservoir, pump, and heat exchanger. The water tank was first equipped with a threaded PVC fitting and a ball valve. The PVC fitting allows for the direct connection to the re-circulating pump. A lid was constructed from 0.25” thick plexi-glass and attached to the tank. The pump was leveled using neoprene foam rubber and then mounted to a small plywood base. The water tank was placed on the bottom tier of the table and the pump was connected and soldered to the water tank fitting once they were aligned perpendicularly. The pump base could then be secured to the bottom tier as well. The heat exchanger was attached to two 2”x 4” supports which were vertically mounted to the frame of the table. Iso-mounts were used again to reduce the vibration effects. 
Piping:

The piping system was built in sections using sweated fittings. These sections were attached to the system using threaded union fittings. This method allows for modularity of subsystems. To connect all pipes carrying water, 50/50 tin lead soft solder was used. Brazing was the method used to join all pipes handling the exhaust gas. This was because the high operating temperature of the exhaust, as well as the dissimilar metal joints between the steel exhaust header and copper fitting. A picture showing the exhaust piping is shown below in figure 20 below.
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Figure 20. Exhaust piping
Control Panel: 


 In order to conveniently operate and monitor the system a control panel was built. This consists of a plywood base with 60° angle brackets. An ignition switch, choke lever, and tachometer were installed so that the operator can start and monitor engine speed all from one location. As previously stated, two thermometers as well as a scale and timer are needed to monitor the system and their displays are mounted on the control panel for convenience. A picture can be seen below in figure 21.
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Figure 21. Control Panel
Insulation:

All exhaust pipes were insulated with the pre-molded mineral wool pipe and fitting insulation. Separate sections and seams were sealed using a high temperature insulation adhesive. This insulation was then enclosed with weatherproofing cast tape. Next, the conduction circuit and refrigerator boiler were insulated using a combination of pre-molded mineral wool and fiberglass batting. A cylindrical metal enclosure was filled with fiberglass batting and envelopes the boiler. Then a small section of mineral wool was fitted around the remaining exposed rod to completely insulate the conduction circuit. Figure 22 displays the exhaust piping with insulation.
[image: image29.jpg]



Figure 22. Insulated exhaust piping
Polyurethane sheets were cut to size to cover all sides of the water reservoir. These pieces were then glued using contact adhesive. Small spaces were left unglued on either side of the lid to allow easy access to remove it, if needed. The insulated tank can be seen in figure 23 below. 
[image: image30.jpg]



Figure 23. Insulated tank
In order to insulate the water pipes, Elastomer foam pipe and fitting insulation was used. The pipe insulation was cut to length and positioned around the pipe with use of the self adhering strip. Individual sections and fittings were held together using contact adhesive. The water pipe insulation can be seen in figure 24 below.
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Figure 24. Insulated water piping
TESTING AND ANALYSIS


Testing is necessary for the characterization of the system. Characterizing the system is imperative to evaluate the level of performance of each subsystem as well as the system as a whole. The parameters that were measured were the temperatures of the exhaust gas and water at every inlet and outlet of each subsystem as well as the fuel consumption rate. The performance of the system depends on the amount of electrical power produced, the minimum temperature reached by the refrigerator, the maximum temperature reached by the water and the time it takes to reach these temperatures. These parameters are the main influence on the efficiency of the system. To determine the electrical power produced the generator was loaded with an appliance with a known power rating. In order to determine the first two parameters, temperatures were recorded over the time of operation. To facilitate these measurements, LabVIEW data acquisition was used in conjunction with thermocouples placed throughout the system which took temperature measurements every second. 

Before testing could begin proper precautions were taken and a specific operating procedure was generated. This procedure along with a complete list of safety measures can be seen in the operations manual located in Appendix L. For the purpose of testing an appropriate load was chosen that would remain constant without overheating for a significant period of time. A 20 inch high velocity circulating fan and the re-circulating pump used for the water heating unit was loaded to the generator. During the test run the voltage supplied and the current drawn under this load was measured using a multimeter. The voltage and current were 125V and 3.4A. This yields a 425W load on the generator. The fuel consumption rate was also measured over the time of the test run. Measurements were taken roughly every 15 minutes. The graph below in figure 25 shows fuel consumption vs. time.
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Figure 25.  Fuel consumption vs. time
The engine expended approximately 6.69kg of gasoline over approximately 4 hours and 19 minutes. Comparing the trend of this graph an average fuel consumption rate of 0.0004kg/sec for the given load was calculated.
The temperature of the refrigerator was observed over the course of the test run to identify the time it takes to reach a minimum steady state temperature. The graph below, in figure 26, shows the relationship between the conduction circuit temperature and the refrigerated space temperature for the entire time period of the test run.
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Figure 26. Labview data collected from conduction circuit and refrigerator temperatures
 The initial and final temperatures of inside the refrigerator were 23.87°C and 3.2°C. The conduction circuit data was plotted on the same graph to compare the rise in conduction temperature to the fall of the refrigerated space temperature. The temperature inside the refrigerator did not significantly decrease until the conduction circuit temperature reached approximately 294(C at a time of roughly 23 minutes. The temperature inside the refrigerator steadily decreased until it reached a steady state temperature of roughly 3(C at time 2 hours and 56 minutes. The temperatures of the conduction circuit and inside the refrigerator then maintained these constant values for the duration of the test run.

 The inlet and outlet temperature of the water reservoir, which was filled to a capacity of approximately 18 gallons, was monitored and the temperature profile was plotted vs. time. This relationship can be seen in figure 27 below.
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Figure 27. LabVIEW data collected from water inlet/outlet temperatures

From the graph it can be seen that the initial and final temperatures of the water were approximately 23.0°C and 95.0°C respectively. The time it took to reach this maximum final temperature was 1 hour and 43 minutes. This time period is significantly shorter than the time it took the refrigerator to reach its minimum steady state temperature, therefore the water tank was partially drained and refilled multiple times so that operation of the system could continue without damage to the water heating unit. The difference between the inlet and outlet temperatures shows that the water gained an average of 1.6°C after each pass through the heat exchanger based on the flow rate of 7.5gpm through the heat exchanger. 

Lastly, the exhaust gas initial and final temperatures of the inlet (at the header) and outlet were monitored. A graph showing these values vs. the time of the test run can be seen in figure 28 below. The exhaust gas inlet temperature initially jumps to a temperature of 693(C while the exit temperature stays relatively constant at 50(C. The slight drop of the exit temperature correlates to the time periods where the water tank was partially drained and refilled.
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Figure 28. Labview data collected from exhaust inlet and outlet temperatures
The temperature readings from the backup digital thermometers varied from the thermocouple measurements taken by LabVIEW. This could be due to slight miscalibration of the thermocouples upon setup of the system. The curve of both sources followed the same trend and therefore an average of all initial and final temperature values was taken. These averaged values were the temperatures used in subsequent calculations. Original graphs from both sources can be seen in Appendix I. 
By studying these temperature profiles the total amount of heat recovered from the exhaust gas was ascertained. Using this along with the amount of electrical power produced and the shaft work of the engine the overall system efficiency as well as the increase of the engine efficiency was calculated. The first parameter calculated was the total amount of input energy. This was determined by multiplying the lower heating value (LHV) of gasoline with the mass flow rate of the fuel. Given the LHV of 43000kJ/kg and the mass flow rate of 0.0004kg/sec the input energy was found to be 18.5kW. In order to calculate the power rating of the engine at the given load the torque of the engine shaft needed to be measured. This proved to be an unattainable parameter at the time of testing. Therefore, an assumption for the efficiency of the engine was made. With an assumed efficiency of 25% and the calculated value for input energy the power rating was determined to be 4.62kW. Next, the heat recovered by the water heating unit needed to be calculated. With the initial and final temperatures known along with a mass of 68.14kg in the tank the heat gained by the water was determined. The water heating unit recovered 3.1kW of heat from the exhaust gas. When including losses this value decreases to 3.03kW. The heat recovered by the refrigerator was difficult to verify with no information available about the working fluid inside the refrigeration system. Two methods were used, the first being calculating the amount of energy required to lower the temperature of the mass of air inside the refrigerator from its initial temperature to the final temperature. This yielded 0.117W of input energy which is very low and proved to be a bad approximation. With the second approach the heat transferred to the boiler from the conduction circuit was estimated. Since the end temperatures of the conduction rod and its geometry known, it was determined that 142.7W of energy was transferred from the conduction circuit to the boiler. Since the refrigerator was rated at 115W and the rod was designed to transfer this amount, the approximation was accepted as valid. When losses to atmosphere by convection were included the total heat recovered by the conduction circuit was reduced to 128.0W. The efficiency of the engine with heat recovery was then evaluated and found to be 42.1%. When comparing this efficiency to the assumed efficiency for the engine it can be seen that recovering heat lost through the exhaust gas increased the efficiency of the engine by 17.1%. The total system efficiency at the given load was also calculated and found to be 19.4%. This total system efficiency is a rough estimate considering that the efficiencies of the individual components were unable to be determined and were not included in the calculations. Complete calculations can be found in Appendix J.
RECOMMENDATIONS AND CONCLUSIONS

The goal of this project was to develop a tri-generation system for the simultaneous production of electricity, hot water and refrigeration. A prototype was designed using an internal combustion engine as the power source. Electricity was then produced by coupling an AC generator directly to the engine shaft. A direct drive coupler was used to allow for complete transfer of shaft work to the generator. Hot water was created by transferring heat from the exhaust gas to the water through a spiral plate heat exchanger. The advantage of this particular heat exchanger was the low exhaust gas pressure drop (<1psi). The refrigerated space was produced by utilizing an absorption type refrigerator that was also powered by recovering heat from the exhaust gas. This was accomplished by using a conduction circuit. Using conduction was advantageous over other designs because of its simplicity and manufacturability. The system was made portable by mounting all subsystems onto a wheeled two tier stainless steel frame. Subsystems were made modular by utilizing threaded union fittings within the piping system. This entire system was designed, built and tested within a budget of $3500 and a complete parts list as well as the total cost can be found in Appendix M. The system was developed in collaboration with a Brazilian team, who originally proposed the tri-generation concept. A separate system was previously built and is currently being tested. The extent of the collaboration effort was limited to a comparison of the two very unique designs accomplishing the same objective. Upon completion of the project the Brazilian team traveled to Florida State University to observe the testing and analysis and to contribute any valuable expertise that would aid in the improvement of the system
Testing was performed with the purpose of evaluating how efficiently the system accomplished the goals stated in the project specifications. LabVIEW data acquisition was used to collect temperature measurements at the inlet and outlet of every subsystem. Fuel consumption was also measured during testing to determine the amount of input energy required by the engine under the test load of 425W. It was found to be 0.0004kg/sec. The conduction circuit reached the required temperature of about 300°C and transferred approximately 128.0W to the refrigerator boiler. This correlated to an internal refrigerator temperature of approximately 3.2°C in 3 hours. Eighteen gallons of water was brought to a final temperature of 95.0°C from an initial temperature of 23.0°C in 1 hour and 43 minutes. With this temperature rise, 3.03kW was recovered from the exhaust gas over the given time period. The total amount of heat recovered by the system was determined to be 3.2kW which yielded an engine efficiency of 42.1%. This is a significant increase over conventional internal combustion engines which have an efficiency of about 25%. 

Although the system performed well several aspects of the design could be improved. Sheet metal should be used to replace the plywood table tops and supports. This would reduce vibration effects from the engine as well as allow for more precise alignment of the engine and generator. Due to budget constraints flow meters and pressure transducers were unable to be utilized for testing the system. If these instruments were implemented a more accurate characterization of the system could be attained by having more accurate calculations for the amount of heat recovered by the refrigerator and water heating unit. It is also recommended to install automatic bypass systems to control the exhaust gas flow that reaches the conduction circuit and heat exchanger in order to better control the temperature of the heated water and refrigerator. The most beneficial addition to the system would be a component that recovers energy from the coolant to produce useful work. Making these design improvements will greatly increase the performance of the system.

APPENDIX A: PROJECT SPECIFICATIONS

 

1. Engine Specifications

1-1: The internal combustion engine must operate at a minimum horsepower, 11 HP

a. Crankshaft torque must overcome torque produced by generator

1-2: The engine must produce exhaust gas containing a minimum amount of energy

a. Exhaust flow must overcome backpressure created by exhaust piping and heat exchanger, TBD

b. Exhaust must be vented in or to an open environment to prevent injury to operators and bystanders

1-3: The engine must produce a minimum exhaust temperature, 550˚C 

1-4: Engine vibration must be reduced to prevent damage to other components

1-5: Engine throttle must be variable and locking to prevent high voltage surges 

 
1-6: Engine crankshaft speed must be monitored and controlled
2. Electrical Generation Specifications
            2-1: Generator must be powered by rotating engine crankshaft

            2-2: Generator must produce a minimum AC or DC voltage output, 5 kW

                        a. Output voltage must be regulated for safety

            2-3: Output voltage must be monitored to prevent high voltage surges
 

3. Refrigeration Specifications

            3-1: Refrigeration unit requires a minimum of 115W of input power.

3-2: Refrigeration heat exchanger must apply a minimum of 115 W of power at 300˚C to the boiler pipe of refrigerator
4. Water Heating Specifications

4-1: Water from reservoir must be heated by means of a heat exchanger
4-2: Design must allow for immediate shut-off of water flow to heat exchanger in case of emergency

4-3: Heated water must be easily drained from reservoir when desired

 

5. Piping System Specifications

5-1: All piping containing exhaust gas must be able to withstand operating engine temperatures

5-2: All pipes must be insulated to prevent operator injury and to minimize heat loss

5-3: Temperature, pressure, and flow rate sensors must be placed at every inlet and outlet of each subsystem for ease of testing and characterization of the system
 

6. Total System Design Specifications

6-1: All components must be made modular, easily removable and interchangeable

6-2: The entire system must be made portable. It should be easily movable by one or two people

a. The entire system must fit within a four-wheeled workbench for easy portability. 38.3”w x 55.5”l x 31.5”h, two tier frame.

6-3: Entire system must be designed, built and tested within the given budget of $3500.00

APPENDIX B: BACKGROUND RESEARCH
Engine

Since the engine is the heart of the system it would be beneficial to know how it works. Most internal combustion engines today operate using a four-stroke combustion cycle otherwise known as the Otto Cycle. The basic components of an internal combustion engine are a piston inside a cylinder; this piston is connected to a crankshaft by a connecting rod. The number and size of the pistons/cylinders can vary depending on desired power output. The larger the size or the greater number of pistons/cylinders the higher the power output produce by the engine. A basic cross-sectional diagram of an internal combustion engine can be seen below.
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The thermodynamic cycle of the 4 stroke internal combustion engine can be broken down into four processes. A visual diagram can be seen below the description.

1. INTAKE STROKE   At first the piston starts at the top of the cylinder and an air/fuel mixture is let in which forces the piston to the bottom of the cylinder. 

2. COMPRESSION STROKE   Next the piston moves back up toward the top of the cylinder, compressing the air fuel mixture. 

3. IGNITION/POWER   Then a spark is emitted by a spark plug which ignites the fuel, causing it to combust and expands the fuel/air mixture which forces the piston to the bottom of the cylinder. 

4. EXHAUST   Finally, the combusted fuel/air otherwise known as exhaust is pushed out of the cylinder as the piston returns to the top of the cylinder before another cycle begins. 
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Since the piston is connected to a crankshaft by a piston rod, its translational motion is converted to rotation motion of the crankshaft. This rotational motion is what allows for the generation of electricity. The four-stroke internal combustion engine can be run off of gasoline or diesel. The only change is that during the compression stroke in a diesel powered engine the piston only compresses air. Once this air is compressed, fuel is injected directly into the cylinder. The air in the cylinder is compressed to a point where its temperature is raised high enough to where is ignites the fuel, causing the power stroke to begin.

Electricity Generation

An electrical generator is an electromechanical device that converts mechanical work into electrical energy. This is accomplished through use of a rotating magnetic field. The basic elements that make up an electrical generator are a rotor and a stator. A rotor is a rotating electromagnet, which turns within a stationary set of conductors, usually copper wire, wound in coils on an iron core, called the stator. As the mechanical input causes the rotor to turn the magnetic field cuts across the conductors, generating an electrical current. The electrical current generated is alternating current (AC) rather than direct current (DC) because the magnetic field sinusoidally varies because the rotating magnet has alternating magnetic poles, north and south, around its perimeter. If a rectifier is in place then the AC current will be converted to DC. The out put voltage from the generator is controlled by a voltage regulator. The voltage regulator controls the supply of voltage and current to the rotor to maintain a constant output voltage. A diagram of the components can be seen in the figure below.
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Absorption Refrigeration

As previously stated, one of the three goals of the tri-generation system is the powering of a refrigeration system. All energy recovered from the system, though, is in the form of heat. While it may seem ironic that a cold space must be generated using heat, there exists a fairly common, though not so well known cycle that accomplishes just that: the absorption refrigeration cycle. 

Absorption refrigerators are common in hotel rooms and recreational vehicles. Because of their reliance on heat as the power input, they are more versatile than the standard vapor compression cycle refrigerators, being able to operate on a range of fuels and input devices.  Some absorption refrigerators are powered by a small electric element attached to the ammonia boiler, others are powered by a small gas flame, while others are made to run off of both and can be switched when needed. Without the need for a noisy, electric compressor, the absorption refrigerator also operates much more quietly than a standard vapor compression refrigerator. In the developing world and in areas ravaged by large-scale disasters, absorption refrigerators offer the valuable service of preventing the spoilage of food and medicine by providing cold storage in the absence of a reliable source of electricity. 

There exist two types of absorption refrigeration cycles: intermittent-cycle and continuous-cycle. The continuous-cycle absorption refrigerator works as follows: 
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First, heat is supplied by either a small gas flame inside the tube at (A), or a small electric burner at (B). The flame or burner heats a strong ammonia-water solution inside of the boiler at (C). The entire refrigeration system is under pressure, keeping the ammonia inside of the boiler in a liquid state at room temperature. The applied heat raises the temperature of the solution to the point where the ammonia begins to boil out of the solution. The bubbles of ammonia vapor rise, pushing ahead of them small quantities of the leftover weak ammonia-water solution. The bubbles of ammonia are carried through the vapor pipe at (E), while the left ammonia-water solution pushed by the ammonia bubbles is left around the boiler to fill the weak solution tube at (D). The ammonia vapor that passes through vapor tube next passes through a water separator, where any leftover water vapor attached to the ammonia bubbles is removed and passed back to the boiler for reuse. 

The use for the supplied heat is now gone; the following steps of the absorption cycle are powered by gravity. After the dry ammonia passes through the separator, the vapor passes through a condenser, where heat-exchanging fins work with the surrounding flowing air to remove heat from the ammonia vapor and condense it back to a liquid. The liquid ammonia then flows from the condenser to the evaporator. The evaporator is an area of the refrigeration unit filled with a charge of hydrogen gas, which works off of Dalton’s Law of Partial Pressures. Dalton’s Law states that the total pressure of gases in a fixed chamber is equal to the pressures of the separate gases if each gas occupied the chamber separately, added together. As the liquid ammonia flows underneath the hydrogen gas, the pressure of the liquid ammonia is reduced and the ammonia begins to evaporate. As the ammonia evaporates, it draws heat from the surrounding evaporator, which in turn draws heat from the inside of the refrigeration space. This is the stage that creates the cooling function of the absorption cycle. 

After the evaporation, the mixture of ammonia and hydrogen gas flows through a series of curved pipes, called the absorber. In these pipes flows the leftover weak ammonia solution that was pushed out of the boiler by the ammonia vapor bubbles, at (D). As the weak solution and ammonia flow downward through the absorber tubes, the solution absorbs the ammonia vapor and becomes a strong ammonia solution once again. The strong ammonia solution is then retained in the absorber vessel, before flowing back into the boiler to repeat the absorption process. The hydrogen continues to circulate around the absorber vessel and tubes to force evaporation of the liquid ammonia. 

The type of absorption refrigeration cycle described above is known as continuous-cycle absorption refrigeration due to the constant ammonia evaporation and input heat. There also exists intermittent-cycle absorption refrigeration, where heat is only applied once over a long period of time, and the pressurized absorption gases are released over time. However, this type of system will not be used in the tri-generation system, due to the inclusion of moving parts (such as pressure valves) that require additional power in the form of electricity. The absorption refrigerator for the tri-generation system must be able to run off of waste heat alone, so the details of the intermittent-cycle absorption refrigerator will not be discussed further.  

One of the most challenging aspects of the tri-generation system is the powering of the absorption refrigerator using waste heat. The absorption refrigeration cycle is very complex compared to the standard vapor compression refrigeration cycle, involving specific amounts of weak and strong ammonia-water solution, ammonia vapor, and hydrogen under high pressure. Additionally, the absorption refrigeration cycle requires a specific heat input, enough to boil the required amount of ammonia without hardening the sodium chromate within the boiler. 


The boiler of the absorption refrigerator is the small area where heat is supplied to power the system, usually in the form of a liquid propane flame or electric element.
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This heat boils the ammonia out of the strong ammonia solution, beginning the absorption process where the ammonia will draw heat from the evaporator, cooling the refrigeration space before condensing back into a strong ammonia solution. In order to power the absorption refrigerator using waste engine heat, a heat exchanger is used around the boiler. Exhaust is used as the working fluid within the boiler heat exchanger, since research has shown that the coolant does not reach the required temperature to sufficiently heat the boiler. 


Constructing a heat exchanger around the boiler of the absorption refrigerator is difficult due to several constraints. The absorption system cannot be dismantled or modified in any way, since the balance of fluids and pressures within the system can be disturbed, causing the absorption system to malfunction or suffer permanent damage.
APPENDIX C: CONCEPT GENERATION

The objective of producing electricity, heated water and refrigeration can be accomplished many different ways. Our initial constraints given were to produce the heated water and refrigeration using the waste heat from the internal combustion engine. The engine also produces mechanical work, which is to be used to produce electricity by means of an electrical generator. A generator head will be purchased and coupled to the engine crankshaft.  

Engine Selection

· Liquid-Cooled Gasoline

· Liquid-Cooled Diesel

· Air-Cooled Gasoline

· Air-Cooled Diesel

When selecting an engine as the base of the system there was a variety of types to consider. With regard to the way combustion takes place there were two options, diesel and gasoline powered engines. The way in which the engine would be cooled, either air or liquid, was another feature taken into account. A decision matrix comparing the different combination engine types can be seen below.

	Type
	Price
	complexity
	exhaust temp
	size
	weight
	energy
	info avail
	total

	wt value
	3
	2
	1
	0.5
	0.5
	1.5
	0.5
	10

	gas/air
	9
	7
	6
	8
	9
	3
	5
	62.5

	gas/water
	8
	6
	6
	7
	8
	8
	7
	65

	diesel/air
	4
	8
	9
	6
	5
	5
	4
	52

	diesel/water
	3
	6.5
	9
	5
	4
	9
	3
	50.5


A weighted value was assigned to the criteria influencing the decision. Then the different types of engines were ranked on a scale of 1-10 in each category with the highest number being the best. The cost is the most important parameter. Complexity was the second most important because it affects the feasibility of designing and building the entire system. The energy available for heat recovery was the third most important. Since our system is a means of recovering waste heat an engine with the most heat available for recovery would be optimal. Size, weight and the amount of available information were also taken into account. The overall outcome from the decision matrix is that the water-cooled gasoline engine was best suited for our system. 

Conceptual System Designs
Waste heat is created through the exhaust and cooling water. Multiple configurations exist to use this heat to accomplish the task at hand. Diagrams for each concept will follow all descriptions.
Exhaust Powered Refrigeration Unit

The first concept was to use the cooling water to create the heated water and the exhaust gas to power the absorption refrigeration all by means of heat exchangers (figure 1).
Coolant Powered Refrigeration Unit

The second concept was the opposite, use the exhaust to create the heated water and use the cooling water to power the refrigeration (figure 2). 

Exhaust/Coolant Combination

The third concept was to use a combination of the exhaust gases and the cooling water to create both the heated water and power the absorption refrigeration system (figure 3).

Exhaust Powered System

The fourth concept was to use only the exhaust to power both the refrigerator and water heater (figure 4).

Coolant Powered System

The fifth concept was to use only the coolant to power both the refrigerator and the water heater (figure 5).









Figure 29.  Exhaust Powered Refrigeration









Figure 2. Coolant Powered Refrigeration Unit













Figure 3. Exhaust/Coolant Combination












Figure 4. Exhaust Powered System










Figure 5. Coolant Powered System

Conceptual Water Heater Designs

Several concepts were considered when deciding what method to use when heating the water. Diagrams of all water heater concepts are shown below in the respective figures. 

Two Reservoirs, Gravity Fed

The first concept was two reservoirs; one reservoir containing cold water at a higher elevation than a second reservoir, holding the heated water. This allows the water to be fed through the heat exchanger by gravity. The flow rate of the fluid can be controlled by use of a valve (figure 6). 

Two Reservoirs, Pump Fed

A second concept was to have two reservoirs, one for hot water and one for cold water, each at the same elevation. This system uses an external pump to move the water from the cold-water reservoir through the heat exchanger and into the hot water reservoir (figure 7). 

One Reservoir, Pump Fed, Internally Heated

The third concept was to have one reservoir being continuously heated internally with a coil of tubing that the coolant flows through. An external water pump to drive the coolant through the coil, which is included with the engine cooling system already, powers this system (figure 8). 

One Reservoir, Pump Fed, Externally Heated

The fourth concept was to have one reservoir being continuously heated externally with a heat exchanger. Two external water pumps, one for the coolant water and one for the heated water power this system (figure 9).
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Figure 6. Two Reservoirs, Gravity Fed
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Figure 7. Two Reservoirs, Pump Fed
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Figure 8. One Reservoir, Pump Fed, Internally Heated


[image: image44]
Figure 9. One reservoir, Pump fed, Externally Heated

Heat Exchanger Selection

Many types of heat exchangers are available to achieve the heat transfer needed to fulfill system requirements. Each type of heat exchanger is only suitable for certain applications. A double pipe heat exchanger is used for low to moderate flow rates and heat transfer rates. Fluids are usually liquid-to-liquid, vapor to vapor, or gas to gas. A shell in tube heat exchanger is used for high flow rates and heat transfer rates. The most suitable fluid combinations are liquid-to-liquid, gas-to-gas, or vapor-to-vapor. A cross flow heat exchanger can be sized to exchange heat at low, medium, or high flow rates and heat transfer rates. It is suited for heat transfer between liquid to vapor, liquid to gas, gas-to-gas, and vapor-to-vapor. 

Coolant Water/Water Heat Exchanger

The double pipe heat exchanger was found to be most advantageous for the application of heating water. The reasons for choosing this type of heat exchanger were because both fluids are liquid and the flow rate and heat transfer rate of the coolant are relatively low.

Exhaust Gas/Water Heat Exchanger

For the application of boiling water using the exhaust a cross flow heat exchanger was determined to be most suitable. The reason for this is that this type of heat exchanger can be adapted for any type of flow rate or any type of fluid combination. The shell and tube and double pipe heat exchangers are not suitable for liquid to gas heat transfer and therefore not suitable for this application. Additionally, the shell and tube heat exchanger is typically used for fluids with high flow rates and the flow rate of the exhaust from the specified engine is very low.

Exhaust Gas/Ammonia Refrigerator Heat Exchanger

Three ideas for the boiler heat exchanger design were considered: a standard tube-in-tube heat exchanger (a), a less typical coil-around-tank exchanger (b), and a conduction circuit (c). The tube-in-tube consists of an inner and outer pipe creating an annular space where the two different fluids will flow through the inner tube and the annulus. The coil-around-tank design consists of the heating fluid being transferred through a series of coils wrapped around the boiler. The conduction circuit uses conduction rather than convection to transfer the heat from the exhaust gas to the refrigerator boiler. Diagrams for each concept can be seen below. 
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                       Figure 10. Tube-in-Tube 

            Figure 11. Coil-Around-Tank

Conceptual Coupling Design

Direct Couple

The first concept was to directly couple the engine to the generator using a flexible coupling. This would allow the mechanical work from the engine to be transferred directly to the generator head shaft. A constraint on this design is that it needs to be precisely aligned so that a minimum amount of stress is applied to the coupler and the engine/generator shafts as well. A diagram of this concept can be seen in figure 12 below.




Figure 12. Direct Coupler

Belt Driven

The second concept was to indirectly couple the engine to the generator through use of a belt and pulley system. The engine and generator shafts would be aligned in parallel a distance apart from one another. A pulley would be attached to each shaft and a belt would then be wrapped around these pulleys to couple the engine to the generator. Coupling the two units indirectly allows for slight misalignment of the shafts. This concept also allows for different gear ratios so that the engine could be run at different speeds while still maintaining the proper angular velocity of the generator head. A diagram of this concept can be seen in figure 13 below.


Figure 13. Belt Driven Coupler

APPENDIX D: Design Strategy
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APPENDIX E: Theoretical Engine Calculations
Unit Conversions
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Engine Constants for Kawasaki FD501D:
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Assuming engine is a simple rectangle
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Rated RPMs of the engine
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Volume of one cylinder, fully open
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Flow of fuel

Sankey Diagram of internal Combustion Engine
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***All calculations assume steady-state conditions!***

Total Heat Input
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Density of gasoline
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Mass flow rate of gasoline
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Input heat from combustion of gasoline
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Air input heat negligible in comparison to fuel input heat.

Shaft Work 
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Obtained from engine specification sheet, rated at 3600rpm
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Input heat required to make shaft work

Heat ejected to coolant water:
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Obtained from engine specification sheet.
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Input heat lost to the coolant

Calculating the mass flow rate of the coolant:
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Volume flow rate of coolant
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Density of coolant (using density of water)
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mass flow rate of coolant

Temperature change of coolant:
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Specific heat of coolant water

[image: image89.wmf]D

T

coolant

Qdot

coolant

mdot

coolant

Cp

coolant

×

:=


[image: image90.wmf]D

T

coolant

2.792

K

=


Temperature change of coolant

Heat lost by convection from engine block:
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Convection coefficient

Temperature of engine block.

[image: image92.wmf]T

ambient

300

K

:=


[image: image93.wmf]T

block

90

273.15

+

(

)

K

×

:=


Assumption! Replace with experimental value.
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Input heat lost by convection off of engine.
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Heat lost by exhaust gas:
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APPENDIX F: Conduction Circuit Design Calculations

Conduction Circuit Calculations
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Length of the larger diameter section as a function of the exhaust gas temperature:
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APPENDIX G: Insulation Calculations

Heat loss without insulation from exhaust piping:
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Nusselt Number assuming horizontal pipe
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[image: image155.wmf]t

0

m

0.005

m

,

0.07

m

..

:=


Range for thickness of insulation
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Nusselt Number assuming horizontal pipe
[image: image160.wmf]h

vertical

t

(

)

k

D

t

(

)

Nu

vertical

t

(

)

×

:=


Convection Coefficient (vertical)
[image: image161.wmf]h

horizontal

t

(

)

k

D

t

(

)

Nu

horizontal

t

(

)

×

:=


Convection coefficient (horizontal)
[image: image162.wmf]k

.038

W

m

K

×

:=


Thermal conductivity of the mineral wool
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Outside surface area with insulation:
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Conduction Resistance of insulation
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Heat loss with insulation 
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Heat loss without insulation from water pipes :
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Heat transfer coefficient assuming vertical pipe:

[image: image178.wmf]T

film

T

2

T

infinity

+

2

:=


[image: image179.wmf]T

film

386.575

K

=


[image: image180.wmf]b

1

T

film

:=


[image: image181.wmf]b

2.587

10

3

-

´

1

K

=


[image: image182.wmf]k

0.03235

W

m

K

×

:=


[image: image183.wmf]u

2.522

10

5

-

×

m

2

s

:=


[image: image184.wmf]Pr

0.07073

:=


Rayleigh Number
[image: image185.wmf]Ra

g

b

×

T

2

T

infinity

-

(

)

×

D

3

×

u

2

Pr

×

:=


[image: image186.wmf]Ra

1.138

10

4

´

=


Nusselt Number assuming 
 vertical pipe
[image: image187.wmf]Nu

vertical

0.59

Ra

1

4

×

:=


[image: image188.wmf]Nu

vertical

6.093

=


[image: image189.wmf]Nu

horizontal

0.6

0.387

Ra

1

6

×

1

0.559

Pr

æ

ç

è

ö

÷

ø

9

16

+

é

ê

ê

ê

ë

ù

ú

ú

ú

û

8

27

+

é

ê

ê

ê

ê

ê

ê

ê

ë

ù

ú

ú

ú

ú

ú

ú

ú

û

2

:=


[image: image190.wmf]Nu

horizontal

3.239

=


Nusselt Number assuming 
horizontal pipe
Convection coefficient (vertical)
[image: image191.wmf]h

vertical

k

D

Nu

vertical

×

:=


[image: image192.wmf]h

vertical

6.898

W

m

2

K

×

=


[image: image193.wmf]h

horizontal

k

D

Nu

horizontal

×

:=


[image: image194.wmf]h

horizontal

3.667

W

m

2

K

×

=


Convection coefficient (horizontal)
[image: image195.wmf]L

eq

6

ft

:=


The equivalent length of the pipe
[image: image196.wmf]A

2

2

p

×

R

2

×

L

eq

×

:=


[image: image197.wmf]A

2

0.164

m

2

=


Outside surface area of the pipe
[image: image198.wmf]q

T

2

T

infinity

-

1

h

vertical

A

2

×

:=


[image: image199.wmf]q

195.758

W

=


Heat loss without insulation
[image: image200.wmf]q

L

q

L

eq

:=


[image: image201.wmf]q

L

107.042

W

m

=


Heat loss per unit length
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Thermal conductivity of the elastomer
[image: image210.wmf]R

3

t

(

)

t

R

2

+

:=


Outside Radius with insulation
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Outside surface area with insulation:
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Conduction Resistance of insulation
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Heat transfer with the insulation
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Heat per unit length with insulation
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APPENDIX H: Pro/ENGINEER Drawings
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APPENDIX I: Original Test Data
LabVIEW data graphs:
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Excel graphs from backup data:
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APPENDIX J: System Calculations

efficiency calculations
Power of the engine:
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Rotational Speed of shaft 
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Time for fuel consumption
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mass flow rate of fuel
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amount of energy available from engine
Power rating of engine assuming 25% efficiency:
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Generator Work:
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electrical work output
Heat recovery from water:
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mass flow rate of water through heat exchanger
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specific heat of water
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Initial temperature of water
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Final temperature reached
Time to reach this temperature
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Heat recovered by refrigerator:
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time of operation to reach final temperature
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Specific heat of air
Density of air
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mass of air contained in refrigerated space
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Initial temperature of refrigerated space
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Final temperature of refrigerated space
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This is very low therefore a different method for approximating this heat loss is tried
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Conduction Heat recovered:
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Amount of heat loss from to atmosphere:
conduction circuit:
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Water pipes:
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Amount of heat recovered including losses:
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Efficiency of engine with heat recovery:
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% increase in engine efficiency:
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Overall System Efficiency:
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APPENDIX K: Brazilian Design Proposal
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Senior Design Project Proposal

Students team: UFPR (3 students) and FSU (3 students)

TITLE:   Development of a tri-generator system for simultaneous production of heat, electricity, and cold by an international team: Brazil- USA.

ABSTRACT:

The aim of this project is to design and build a prototype of a tri-generation system that will serve as an experimental unit to investigate the potential of utilizing tri-generation systems for energy conservation, as a relevant practice to increase energy conversion efficiency in industrial processes. Thermal machines, to produce work, necessarily do not use most of the supplied energy in the form of heat, as a consequence of the second law of thermodynamics. The majority of the non-utilized energy is rejected in the form of heat. The tri-generation system to be developed in this project will utilize such waste heat to produce water vapor, directly by means of a heat exchanger, and to produce cold utilizing an absorption refrigeration system. The work consists of the design and assembly of a prototype in the laboratory, its characterization and instrumentation. In a final stage, using the experimental measurements, the team will perform a thermal analysis of the system, aiming the optimization of the operating and project parameters for maximum thermodynamic performance of the produced technological innovation. Future work will include an exergetic and thermodynamic optimization of the system.

Supervisors:

José Viriato Coelho Vargas, Ph.D., UFPR, Brazil

Juan Carlos Ordonez, Ph.D., FSU, USA


General Sketch: 

Tri-generation system schematic diagram (simultaneous heat, electricity and cold)


OBJECTIVES

Project, development and construction of a tri-generation system prototype

Thermal analysis of the entire system, from experimental measurements

Experimental thermodynamic optimization of project and operating parameters for maximum system performance.

Basic System Requirements

System must be built in a portable platform.

Since the system is to be used for experiments, the design teams should always keep in mind that it should be easy to instrument and that the subsystems should be easy to connect/disconnect/replace for future experimental studies of the type: “what if subsystem A is replaced with B?”

METHODOLOGY

The following activities are suggested: (U=USA, B=Brazil)

Development and assembly of the tri-generation system in the laboratory 

Define system specifications (B, U)

Initial system drawings (AUTOCAD or other) (B, U)

Quote system (U)

Engine assembly (U)

Water heating system design (B or U)

Three-way valve (B or U)

Absorption refrigerator coupling design (B or U)

Control and instrumentation 

Define temperature measurements requirements (B and U)

Define pressure measurements requirements (B and U)

Mass flow rate measurements requirements (B and U)

Labview program for data acquisition (B or U)

Instrumentation (U)

Labview-Instruments interaction (U)

Thermal analysis from the experimental measurements (B and U)

Analysis of results, graphical representation, and conclusions (B and U)

Project writing (B and U)

Project defense (B and U)

TIMELINE

	Activity
	Quarter

	
	1
	2
	3
	4

	1. Development and assembly of the tri-generation system in the laboratory
	X
	X
	X
	

	2. Control and instrumentation
	X
	X
	X
	

	3. Thermal analysis from the experimental measurements
	
	X
	X
	X

	4. Analysis of results, graphical representation, and conclusions
	
	
	X
	X

	5. Project writing
	
	X
	X
	X

	6. Project defense
	
	
	
	X


APPENDIX L: Operations Manual
Warnings and Precautions

· Run system in a well ventilated area.

· Do not fill fuel tank while engine is running or hot.


· Do not use open flame near the system.

· Store fuel only in approved containers and in a well ventilated area.

· Guard against electric shock.

· Avoid contact with live wire terminals or receptacles.

· Use caution when handling or servicing the battery.

· Avoid water contact with battery. Shut off system if this occurs.

· Do not disconnect battery cables while system is on.

· Use extreme caution when working with electrical components. High output voltages may cause injury.

· Avoid hot engine parts, piping and exhaust gas which can cause severe burns.

· Make sure all safety guards and insulation are in position and tightly secured before operation of system.

· Do not allow water above 200(F (93(C) to pass through the heat exchanger.

· Do not allow cool water to pass through the heat exchanger when hot. This will cause flash boiling and damage to the system.

· Do not place anything over 75 lbs on scale.

· Do not leave standing water in reservoir for extended periods of time.

Overall Operation
Prior to turning the system on:

· Attach the fuel line to the fuel filter.

· To measure fuel consumption place fuel tank on scale next to the table on top of the stand. 

· Turn scale readout on. 

· Tare the scale (refer to owners manual for instructions). As fuel is being consumed the scale will read negative values.

· Press start on the timer when engine is turned on.

· If fuel consumption is not being measured place scale on bottom tier of table.

· Plug in the re-circulating pump to the receptacle at the rear of the generator. 

· Check that all engine fluids are at proper levels.

Turning the system on:

· Put choke, located on the control panel, in closed position (lever in top position). See diagram below.
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· Turn the key to ignition start position until engine starts and release.

· When the engine starts, gradually move the choke to open position (lever in bottom position). See diagram below.
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While the system is running:

· Water must always be circulating while system is turned on to avoid overheating of heat exchanger and connecting pipes.

· Monitor water temperature in tank. Boiling water cannot enter heat exchanger or pump. 

· If temperature exceeds recommended amount drain half the tank and refill with cool water. 

· Do not refill more than half of the reservoir with cool water while system is running. Cool water cannot enter a hot heat exchanger, flash boiling will occur. 

· To cool the heat exchanger the system must be turned off for at least 3 hours or until the heat exchanger temperature falls below 100(C. 

· Monitor the rpm of the engine. The engine must remain at 3600 rpm (+/- 150 rpm) to avoid damage to the generator and load.

· If the rpm exceeds or falls below recommended amount remove load from generator. Adjust the rpm of the engine by the same amount. 

· Turn throttle set screw to the right to lower and to the left to increase the rpm. Retighten the locknut. See diagram below.
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LabVIEW testing procedure:

· Plug in LabVIEW testing station.

· Turn the card reader on.

· Plug the thermocouple card reader into the thermocouple box.

· Turn on the computer.

· Double click the LabVIEW icon that says “senior design DAQ”.

· A window will pop up showing temperature readings from each thermocouple with labels showing what temperature it is measuring.

· Click the “start recording” button when engine is turned on.

· Click the “stop recording” button when data acquisition is complete.

· Raw data is sent to the “senior design data” folder on the desktop. Each run is automatically placed in this folder labeled with the date.
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Maintenance

After every 25 hours of operation:
· Change engine oil and oil filter.

· Replace spark plugs.

· Drain and fill radiator with new 50/50 coolant mixture.

· Replace air filter.

· Replace fuel filter and check for cracks in fuel line.

· Check battery terminals for corrosion. If corroded clean thoroughly.

· Clean and tune engine carburetor. 

· Check for wear of all insulation. Replace if needed.

· Clean water tank and piping.

· Check coupler alignment. Adjust if necessary.

· Check ignition wiring for deterioration. Rewire with new terminals if necessary. See diagram on next page.

Ignition Switch Diagram

[image: image305]
Engine Wiring Chart
Ignition Terminal            Wire Color               Engine Terminal

             S                               Yellow                    Starter Solenoid

             B                                Red                    + Battery Terminal

             L                               White                      Y/W Terminal
             G                              Green                      Engine Ground

APPENDIX M: Parts List

	Unit
	Component
	Sub-Component
	Qty
	Description
	Unit Price
	Price
	Shipping
	Taxes

	Frame
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Stainless Steel Frame
	 
	1
	Frame Donated to Team
	 
	 
	 
	 

	 
	Table Top 
	 
	2
	3/4in thick 4' x 8' sanded pine
	$23.00
	$46.00
	 
	$4.26

	 
	Table Support
	 
	 
	 
	 
	 
	 
	 

	 
	 
	Wood Beam 
	4
	2" x 4" 96" long
	$2.67
	$10.68
	 
	 

	 
	 
	5/16" Dia x3" screw
	16
	 
	$0.35
	$5.60
	 
	 

	 
	 
	Cut washers
	16
	5/16" cut washers
	$0.08
	$1.28
	 
	 

	 
	 
	Wood screws
	2
	1.5" Long wood screws
	$0.85
	$1.70
	 
	$1.92

	 
	 
	Bolts
	3
	0.25" Dia x 2" Long
	$0.85
	$2.55
	 
	 

	 
	 
	Sand paper
	1
	Assorted Grit 
	$1.48
	$1.48
	 
	$0.43

	 
	 
	Paint
	1
	High heat bulk oil based
	$14.34
	$14.34
	 
	$1.47

	 
	 
	Brushes
	1
	Paint rollers, brushes
	$3.37
	$3.37
	 
	 

	 
	 
	Acetone sol
	1
	 
	$4.97
	$4.97
	 
	$0.76

	 
	 
	Acetone sol
	1
	 
	$5.69
	$5.69
	 
	$0.58

	 
	 
	Spray paint
	2
	 
	$1.96
	$3.92
	 
	 

	 
	 
	Cut washers
	8
	5/16"
	$0.08
	$0.64
	 
	 

	 
	 
	Bolts
	6
	 
	$0.85
	$5.10
	 
	 

	 
	 
	FND washers
	4
	5/16" diameter
	$0.17
	$0.68
	 
	 

	 
	 
	Stl clamp
	3
	 
	$1.10
	$3.30
	 
	$0.54

	 
	 
	Stl clamp
	3
	 
	$1.29
	$3.87
	 
	 

	 
	 
	GE clear tube
	1
	Silicon sealant 
	$3.17
	$3.17
	 
	 

	 
	 
	U-Bolt
	1
	 
	$0.87
	$0.87
	 
	 

	 
	 
	Washer
	2
	 
	$0.84
	$1.68
	 
	 

	 
	 
	Tape
	1
	1/2*260 tape
	$0.99
	$0.99
	 
	$0.63

	 
	 
	Nuts
	4
	 
	$0.07
	$0.28
	 
	 

	 
	 
	5/16 Nuts
	4
	 
	$0.13
	$0.52
	 
	 

	Engine
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Engine Unit
	 
	1
	Kawasaki Model # FD501D-S05
	Ordonez
	 
	 
	 

	 
	Fuel Line
	 
	1
	10 Ft 1/4" vinyl tubing
	$2.13
	$2.13
	 
	 

	 
	Rubber Mounts
	 
	2
	1/2" thick 12"x12" rubber mat
	????
	 
	 
	 

	 
	Gas1
	 
	 
	6 Gallons
	$14.37
	$14.37
	 
	 

	 
	Gas2
	 
	 
	 
	$14.45
	$14.45
	 
	 

	 
	Gas3
	 
	 
	 
	$13.40
	$13.40
	 
	 

	 
	Ignition Switch
	 
	1
	5 terminal 3 way switch
	$12.98
	$12.98
	 
	 

	 
	Battery Cable Terminal
	 
	2
	 
	$1.50
	$3.00
	 
	 

	 
	Battery Cables
	 
	2
	 
	$5.00
	$10.00
	 
	 

	 
	Battery 
	 
	1
	Left Hand Regular Utility
	$34.95
	$34.95
	 
	 

	 
	Engine Oil
	 
	2
	10W30
	$2.50
	$5.00
	 
	 

	 
	Fuel Pump
	 
	1
	 
	$44.20
	$44.20
	 
	 

	 
	Primer
	 
	1
	 
	$12.49
	$12.49
	 
	 

	 
	Barb1
	 
	1
	1/4 Hose
	$4.29
	$4.29
	 
	 

	 
	Barb2
	 
	1
	1/4*1/4 Hose
	$1.79
	$1.79
	 
	 

	 
	Battery Box
	 
	1
	 
	$11.49
	$11.49
	 
	 

	 
	Fuel Tank
	 
	1
	6.5 Gallon
	$24.99
	$24.99
	 
	 

	 
	Fuel Line
	 
	1
	1/4" Diameter
	$2.59
	$63.02
	 
	 

	 
	Vacuum Caps
	 
	1
	 
	$1.99
	$1.99
	 
	 

	 
	Fuse Holder
	 
	1
	 
	$4.99
	$4.99
	 
	 

	 
	Wire Crimps
	 
	1
	10-12 gauge
	$2.99
	$2.99
	 
	 

	 
	Wire Crimps
	 
	1
	14-18 gauge
	$1.49
	$1.49
	 
	$13.87

	 
	Manual
	 
	1
	 
	 
	 
	 
	 

	 
	Hose Clamps
	 
	16
	#4 Clamp stainless steel
	$5.48
	$5.48
	 
	 

	 
	Cable Ties
	 
	1
	4" Long
	$1.91
	$1.91
	 
	 

	 
	Cable Ties
	 
	1
	11" Long
	$1.25
	$1.25
	 
	 

	 
	Wire 
	 
	1
	16 gauge Black Ground Wire
	$2.49
	$2.49
	 
	 

	 
	SKT Cap
	 
	4
	 
	$0.78
	$3.12
	$0.54
	 

	 
	Metric Bolts
	 
	4
	 
	$0.68
	$2.72
	 
	 

	 
	Wire Crimps
	 
	1
	Assorted wire crimp set
	$3.25
	$3.25
	 
	 

	 
	Fuse 
	 
	1
	Ceramic,25 A
	$9.62
	$9.62
	$0.73
	 

	 
	Ignition Switch
	 
	1
	STENS# 31-9655
	$10.50
	$10.50
	$1.24
	$6.00

	 
	Ignition Key
	 
	1
	 
	$3.59
	$3.59
	$0.27
	 

	 
	Gas Tank
	 
	1
	5 Gal
	$5.44
	$5.44
	$0.41
	 

	 
	Engine Repair
	 
	 
	 
	$176.24
	$176.24
	 
	 

	 
	Fuse
	 
	1
	25 Amps
	$9.62
	$9.62
	$0.73
	 

	 
	Tachometer
	 
	1
	 
	$50.00
	$50.00
	$3.75
	 

	 
	Throttle Control
	 
	1
	 
	$8.27
	$8.27
	$0.62
	 

	 
	Coupler Machining
	 
	 
	 
	$35.00
	$35.00
	 
	 

	 
	Shaft Coupler Body
	 
	2
	 
	$5.60
	$11.20
	 
	 

	 
	Insert, Urethane
	 
	1
	 
	$5.53
	$5.53
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Generator
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Generator Head
	 
	1
	Voltmaster AB-60
	$369.00
	$369.00
	$29.00
	 

	 
	Hexnut Ga
	 
	3
	5/16"
	$0.15
	$0.45
	 
	 

	 
	Hex Bolt
	 
	3
	 
	$0.29
	$0.87
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Coupler
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Woodruff Keys
	 
	1
	 
	$0.58
	$0.58
	$0.05
	 

	 
	Engine Coupler
	 
	1
	0.5"Split taper bushing
	$4.53
	$4.53
	 
	$0.68

	 
	Generator Coupler
	 
	1
	7/8" Split taper bushing
	$4.53
	$4.53
	 
	 

	 
	Rubber Gasket
	 
	1
	Use Previous Rubber Mat
	 
	 
	 
	 

	 
	Jaw Type Coupler
	 
	1
	 
	$16.36
	$16.36
	 
	 

	 
	 
	Machining Coupler
	 
	 
	$35.00
	$35.00
	 
	 

	Refrigerator
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Refrigerator Unit
	 
	1
	Dometic RM2193 
	$499.00
	$499.00
	$75.00
	 

	 
	Rubber Mat
	 
	1
	Use Previous Rubber Mat
	 
	 
	 
	 

	 
	Conduction Circuit
	 
	1
	12" long 3/4" diameter copper rod
	$26.00
	 
	 
	 

	 
	RV Fan
	 
	1
	 
	$25.00
	$25.00
	 
	 

	Water Heater
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Water Container 
	 
	1
	11" h x 17"w x 31"l plastic container
	FREE
	 
	 
	 

	 
	Water Heater H/X
	 
	1
	Polar model 30 exhaust heat exchanger
	$875.00
	$875.00
	 
	 

	 
	H/X Mounting Frame
	 
	 
	 
	 
	 
	 
	 

	 
	 
	2”X4”
	1
	Use Previous 2”X4”
	 
	 
	 
	 

	 
	 
	Rubber mount
	1
	Use Previous Rubber Mat
	 
	 
	 
	 

	 
	Water Pump
	 
	1
	Taco 1/40 hp 115V
	$98.00
	$98.00
	 
	 

	 
	H X bolt
	 
	4
	 
	$0.13
	$0.52
	 
	 

	 
	Strap
	 
	1
	 
	$1.63
	$1.63
	 
	 

	Piping System
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Tee
	 
	1
	CxCxC 1" end 3/4" center
	 
	 
	 
	 

	 
	Rolled stop coupling
	 
	1
	5/8" CxC
	 
	 
	 
	 

	 
	Straight Pipe 
	 
	1
	10 ft 1" nominal type L copper pipe
	 
	 
	 
	 

	 
	90˚ Elbow 
	 
	8
	1" C x C 
	 
	 
	 
	 

	 
	Reduce Coupling
	 
	2
	1" to 3/4" CxC
	 
	 
	 
	 

	 
	Female Adapters
	 
	2
	1" CxF
	 
	 
	 
	 

	 
	Male Adapters
	 
	2
	3/4" male adapter FTGxM
	 
	 
	 
	 

	 
	Steel clamp
	 
	2
	4"-7" diameter
	$1.86 
	$3.72
	 
	 

	 
	J B weld
	 
	1
	 
	$4.19 
	$4.19
	 
	 


	 
	90˚ Elbow 
	 
	3
	 
	$3.15 
	$9.45
	$1.12
	 

	 
	Adapter
	 
	2
	1" Diameter
	$3.82 
	$7.64
	$0.58
	 

	Insulation
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Mineral Wool sheet
	 
	2
	24" x 48"  2" thick Metal mesh one side
	$16.12
	$32.24
	 
	 

	 
	Elastomer Foam pipe
	 
	1
	6 ft 1 1/8" diameter 1" thick
	$18.84
	$18.84
	 
	 

	 
	Elastomer Foam elbow
	 
	9
	1 3/8" diameter 1/2' thick
	$3.58
	$32.22
	 
	 

	 
	Polyethylene Sheets
	 
	2
	36" x 48", 1" thick
	$21.75
	$43.50
	 
	 

	 
	Mineral Wool Elbows
	 
	3
	1.25" diameter 2" thick
	$2.55
	$7.65
	$4.26
	$0.54

	 
	Casting Tape
	 
	 
	 
	$21.09
	$21.09
	 
	 

	 
	Mineral Pipe
	 
	3
	 
	$8.40
	$25.20
	 
	 

	 
	Adhesive
	 
	1
	 
	$33.00
	$33.00
	$3.16
	$10.50

	 
	Repair Wrap
	 
	3
	 
	$7.03
	$21.09
	$4.25
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Testing
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Thermocouples
	 
	5
	Hose clamp type K probes
	$20.29
	$101.45
	 
	$9.13

	 
	Digital Scale
	 
	1
	The Adamlab CPWplus35
	$193.95
	$193.95
	$20.00
	$9.60

	 
	Thermometer
	 
	2
	 
	$24.53
	$49.06
	$3.68
	 

	 
	Battery1
	 
	1
	AAA
	$4.29
	$4.29
	$0.33
	 

	 
	Battery2
	 
	1
	AA
	$3.87
	$3.87
	$0.67
	 

	 
	Timer
	 
	1
	 
	$7.32
	$7.32
	$0.55
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Miscellaneous
	 
	 
	 
	 
	$25.00
	$25.00
	 
	 

	 
	 
	Stud
	1
	 
	$2.67
	$2.67
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	Total 
	$3,541.68
	 
	 

	 
	 
	 
	 
	 
	Remaining Budget
	$0.00
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